Activation of oncogenes and loss of tumour suppressors promote metabolic reprogramming in cancer, resulting in enhanced nutrient uptake to supply energetic and biosynthetic pathways. However, nutrient limitations within solid tumours may require that malignant cells exhibit metabolic flexibility to sustain growth and survival. Here, we highlight these adaptive mechanisms and also discuss emerging approaches to probe tumour metabolism in vivo and their potential to expand the metabolic repertoire of malignant cells even further.
Metabolic reprogramming is considered a hallmark of cancer 1 , and has been an area of accelerated research over the last decade. A common theme emerging from this work is that when nutrients are abundant, oncogenic signalling pathways direct enhanced nutrient acquisition and facilitate assimilation of carbon into macromolecules such as lipids, proteins and nucleic acids. The net effect of these activities is to support cell growth and proliferation. Within the hierarchy of pathways altered in cancer, glucose and glutamine metabolism are consistently reprogrammed by mutations in MYC, TP53, the Ras-related oncogenes, and the LKB1-AMP kinase (AMPK) and PI3 kinase (PI3K) signalling pathways, among others ( Fig. 1) . Oncogenic Ras stimulates both glucose uptake via enhanced expression of GLUT1, and utilization of glucose by anabolic pathways 2, 3 . Ras also regulates glutamine metabolism, specifically directing glutamine carbon into pathways that support biosynthesis, redox homeostasis and ultimately cell survival and growth [4] [5] [6] . Increased MYC elicits numerous metabolic effects through reprogrammed gene expression. These include enhanced glycolysis, in part through transcriptional activation of LDHA (ref. 7); enhanced mitochondrial biogenesis 8 ; and enhanced glutamine catabolism 9, 10 , culminating in biomass assimilation. The convergence of so many pathways on glucose and glutamine may reflect the fact that both nutrients are abundant, and both feed into multiple nodes of central metabolism. Glutamine has the added advantage of providing its two nitrogen atoms to synthesize hexosamines, nucleotides and amino acids, all of which are also required for growth 11 . However, in order to withstand the harsh environment of solid tumours, cancer cells must also optimize nutrient utilization when resources are scarce. Recent work has highlighted the importance of metabolic flexibility in both cultured cells and in vivo. For example, glucose deprivation, or growth in the harsh environment of the subcutaneous space in mice, elicits a selective pressure for KRAS mutations in colon cancer cells 12 . In this context, mutated KRAS rendered cells tolerant of low glucose conditions. Similarly, cancer cells in culture can restructure their metabolism to compensate for the loss of either glucose or glutamine, often using one nutrient to fill metabolite pools normally supplied by the other [13] [14] [15] . High-throughput screens revealed that cells chronically exposed to low glucose require oxidative phosphorylation as a means to maintain growth 16 . In a similar vein, subsets of lymphoma preferentially use, and can be highly dependent on, oxidative metabolism rather than the more classical glycolytic phenotype 17 . Overall, emerging evidence suggests that tumour cells have much more complex metabolic requirements than previously appreciated, and that numerous pathways complement glucose-and glutaminedependent biomass production (Fig. 2) . Here we discuss some of these pathways and how they contribute to cell survival and growth.
Protein and amino acid scavenging and catabolism in the face of nutrient deprivation Although most cultured cancer cells use glutamine to supply the oxaloacetate (OAA) pool, complementing glucose-dependent acetylCoA formation (Fig. 1 ), glutamine's ability to fuel alternative forms of metabolism has emerged as an important component of cell survival. Glucose deprivation in Myc-enhanced lymphoma cells stimulates a pathway whereby glutamine carbon is re-routed to acetyl-CoA 13 , and which can be mimicked by silencing the mitochondrial pyruvate carrier (MPC) 18, 19 . This pathway is dispensable in glucose-replete cells with normal MPC function, but essential for survival and tumour growth when MPC is impaired 19 , indicating the importance of this mode of glutamine oxidation during nutrient limitation.
Glutamine deprivation also induces metabolic vulnerabilities. Citrate synthase loss was found to protect cells against apoptosis during glutamine deprivation 20 . Normally, citrate synthase condenses glutamine-derived OAA with acetyl-CoA to maintain TCA cycle function 21 . However, when glutamine is scarce, shunting OAA towards asparagine rather than citrate suppresses the unfolded protein response and supports cell survival 20 . Exogenous asparagine mimics citrate-synthase silencing during glutamine withdrawal. Although asparagine is normally considered a non-essential amino acid, rapidly proliferating cells need an abundant supply for protein synthesis, which is the basis of l-Asparaginase use in cancer therapy 22, 23 . Because expression of asparagine synthetase correlates with poor prognosis in glioma and neuroblastoma 20 , these findings suggest that the ability to maintain an asparagine pool may provide an advantage to tumour cells in vivo.
Other mechanisms also enable cancer cells to deal with glutamine deprivation. Commisso et al. demonstrated that glutamine deprivation stimulates macropinocytosis in Ras-expressing cancer cells 24 . This process enables cells to scavenge fluid and macromolecules, using a system of membrane ruffling to capture and incorporate extracellular material. Extracellular proteins were identified as important components of the cargo captured and internalized in macropinosomes, allowing starved cells to generate pools of glutamine and other amino acids to supply the TCA cycle 24 . This mechanism relieved cells with oncogenic KRAS or Src from dependence on extracellular glutamine, and was required for maximal growth of KRAS tumours in vivo. Thus, macropinocytosis provides a mode of metabolic flexibility enabling some transformed cells to compensate for interruptions in the extracellular supply of free amino acids. In addition to scavenging extracellular protein, cancer cells also activate autophagic degradation of macromolecules when deprived of nutrients or of the signals that stimulate nutrient uptake [25] [26] [27] [28] . During autophagy, damaged organelles and their macromolecular components are degraded, providing recycled small molecule nutrients to feed intermediary metabolism 27, 29, 30 . Autophagy may also function to eliminate defective mitochondria, thereby reducing accumulation of reactive oxygen species (ROS) and improving cellular fitness. In Ras-or BRafdriven mouse models of cancer, autophagy is crucial for tumour growth and/or progression. KRAS-driven pancreatic tumours in mice require autophagy for maximal growth 31 , and loss of essential autophagy genes impairs mitochondrial function in KRAS-driven lung tumours 32, 33 . Interestingly, impaired autophagy results in the formation of oncocytomas, benign tumours filled with damaged mitochondria 32 . This implies that formation of aggressive KRAS-driven carcinomas requires both autophagy and effective mitochondrial function. Autophagy is also essential for maximal growth of BRaf V600E lung tumours, and inhibiting autophagy extends the survival of mice bearing these tumours 34 . Furthermore, although chronic ablation of the autophagy gene Atg7 causes a number of systemic effects in mice, acute Atg7 deletion specifically impaired growth of pre-existing KRAS-driven lung tumours prior to the appearance of pathology in normal tissues 35 . Overall, these findings emphasize a role for autophagy in driving aggressive tumour formation and maintenance by providing an intracellular nutrient supply to support cell survival and growth.
Amino acids other than glutamine also contribute to bioenergetics. Branched-chain amino acids (BCAA) are important metabolic substrates because their degradation provides acetyl-CoA and/or anaplerotic substrates for the TCA cycle. Population-based human studies have demonstrated that elevated plasma BCAAs correlate with insulin resistance, type 2 diabetes and pancreatic cancer risk [36] [37] [38] [39] . A cell-autonomous role for BCAA metabolism was uncovered in glioma, as the subset of Under conditions of nutrient deprivation and other stresses, tumorigenic mutations also reprogram metabolism to support cell survival. In particular, KRas stimulates autophagy and macropinocytosis and facilitates fatty acid uptake. Mutations in BRaf also lead to enhanced autophagy. p53 promotes NADPH production through the pentose phosphate pathway to maintain redox homeostasis. Acetate and branched-chain amino acids serve as alternative substrates to support metabolism. Oncogenic drivers are highlighted in green, while tumour suppressors are shown in red. Important metabolic enzymes are highlighted in blue. Classic cancer metabolic pathways are shown in orange, while emerging pathways and activities supporting cell proliferation are shown in purple. G6P, glucose-6-phosphate; PPP, pentose phosphate pathway; ribose-5P, ribose-5-phosphate; F6P, fructose-6-phosphate; TCA, tricarboxylic acid; α-KG, alpha-ketoglutarate; OAA, oxaloacetate; BCAA, branched-chain amino acid; CS, citrate synthase; ME, malic enzyme; ACSS2, acetyl-CoA synthetase 2.
these tumours lacking mutations in isocitrate dehydrogenases 1 and 2 (IDH1 and IDH2) express high levels of BCAA transaminase 1 (BCAT1), which initiates BCAA catabolism 40 . Silencing BCAT1 impairs cell proliferation and tumour growth, suggesting that BCAAs are functionally important metabolic substrates in these tumours. Future studies should provide insight into precisely how these amino acids support cancer and other diseases.
Emerging roles for lipid scavenging and fatty acid oxidation in tumour cell survival and growth Lipids compose a substantial fraction of the dry weight of mammalian cells, and maintaining a supply of lipids is essential for cell proliferation [41] [42] [43] . In the presence of oxygen and abundant extracellular nutrients, most cultured cancer cells synthesize fatty acids de novo 41, 44 . However, under conditions of metabolic stress, scavenging extracellular lipids has emerged as an important adaptive mechanism for cancer cells to maintain viability and/or growth 45, 46 . Scavenging, rather than synthesizing lipids, spares cells from the need to supply carbon and reducing power (that is, NADPH) for this demanding pathway. Hypoxia and oncogenic HRAS or KRAS stimulate uptake and utilization of lysophospholipids (phospholipids missing one of the two acyl chains) to supply an intracellular lipid pool for growth 45 . As a result of their ability to acquire lipids in this fashion, KRAS-driven tumour cells are resistant to inhibition of stearoyl-CoA desaturase 1 (SCD1), the enzyme that normally desaturates fatty acids synthesized de novo prior to their incorporation into complex lipids 45 . Extracellular lipids, particularly desaturated fatty acids, are also important in cells with dysregulated mTORC1 activity subjected to hypoxia 46 . In this context, increased protein synthesis and reduced lipid desaturation leads to activation of the unfolded protein response and cell death, a phenotype which is rescued by unsaturated fatty acids. These findings were reproduced in cultures of clear cell renal cell carcinoma, glioblastoma and bladder cancer, suggesting that solid tumours may rely on the extracellular environment to provide fatty acids.
Fatty acids also supply energy, as mitochondrial fatty acid oxidation produces more than twice as much ATP per mole as oxidation of glucose or amino acids. A subset of diffuse large B-cell lymphomas appears to prefer fatty acid oxidation as a fuel and to express high levels of enzymes required to oxidize fatty acids, even under nutrient replete conditions 17 . Autophagy and related processes enable other cells to capitalize on fatty acids for fuel. In p53-deficient KRas G12D non-small cell lung cancers, impairing autophagy results in dysfunctional mitochondria, lipid accumulation, defective fatty acid oxidation and enhanced sensitivity to starvation 32 . Furthermore, fatty acid oxidation and other oxidative mitochondrial pathways seem to enable cancer cells to survive periods of tumour regression 47 . In an inducible model of KRAS-driven pancreatic cancer, tumour regression induced by kinase inhibitors or withdrawal of KRAS results in a dormant population of tumour cells, which are highly dependent on mitochondrial respiration for survival 47 . Inhibiting either autophagy or fatty acid oxidation reduces the tumour-initiating potential of this population, suggesting that these catabolic pathways are critical in enabling cancer cells to promote tumour formation after an initial round of treatment. Metabolic tracing experiments have provided tools to follow the cytosolic production of NADPH through the pentose phosphate pathway (PPP), as well as the contribution of serine/glycine metabolism to NADPH generation in the mitochondria. Given that mutant forms of isocitrate dehydrogenase (mtIDH1/2), localized to the cytosol (C) or mitochondria (M), respectively, give rise to increased 2-hydroxyglutarate (2-HG) levels, this reporter system was used to trace the production of NADPH in the mitochondria from serine/ glycine through methylenetetrahydrofolate dehydrogenase 2 (like) (MTHFD2/ MTHFD2L) enzymes. p53 regulates NADPH production by inducing the expression of TIGAR, a fructose-2,6-bisphosphatase, which reduces the levels of fructose-2,6-bisphosphate (F-2,6-P 2 ), resulting in reduced activation of phosphofructokinase-1 (PFK-1). This reduction in the rate of glycolysis, allows for shunting of glycolytic intermediates into the PPP and the concomitant generation of NADPH. HIF1α and Myc regulate the expression of serine hydroxymethyltransferase (SHMT1/2) enzymes, thereby regulating serine/glycine metabolism. Tumor suppressors and oncogenes are shown in red and green, respectively. Important metabolic enzymes involved in these pathways are shown in blue. G6P, glucose-6-phosphate; 6PG, 6-phosphogluconate; Ribulose-5P, ribulose-5-phosphate; Ribose-5P, ribose-5-phosphate; F6P, fructose-6-phosphate; FBP, fructose-1,6-bisphosphate; THF, tetrahydrofolate; α-KG, alpha-ketoglutarate.
Other work demonstrates cooperative mechanisms by which stromal cells provide fatty acids to tumour cells as a fuel source, particularly in ovarian cancer. These tumour cells frequently metastasize to the omentum, a large fold of fatty tissue in the abdomen 48, 49 . Co-culture of ovarian cancer cells with adipocytes revealed that adipocyte transfer of fatty acids activates AMPK and fatty acid oxidation in the cancer cells, enhancing cell proliferation 48 . These findings raise a number of questions regarding the role of the tumour microenvironment in promoting cell metabolism and the possibility of metabolite transfer between cells.
Acetate as an alternative metabolic substrate Acetate, a 2-carbon fatty acid, is one of the smallest nutrients in mammals. It is readily converted to acetyl-CoA by acetyl-CoA synthetases, of which mammals contain at least three, ACSS1, ACSS2 and ACSS3. ACSS1 and ACSS3 encode mitochondrial enzymes whereas ACSS2 encodes an enzyme that is predominantly cytosolic 50 . Although circulating acetate is in the low-micromolar range 51 , recent work has demonstrated a role for acetate and acetate-metabolizing enzymes in tumours. First, infusion of 13 C-glucose and 13 C-acetate into mice bearing orthotopic glioblastomas demonstrated that both substrates could be oxidized 52 . However, when confronted with the same mixture of 13 C-glucose and 13 C-acetate in the plasma, the tumours oxidized acetate to a far greater extent than did the surrounding normal brain tissue. Acetate oxidation was also observed in metastatic brain tumours, suggesting that this pathway may be a general feature of tumour growth in the brain. Compellingly, infusion of human patients with a similar combination of 13 C-glucose and 13 C-acetate also revealed extensive acetate utilization in gliomas and brain metastases 52 . A mouse model of ACSS2 deficiency was used to determine the role of this enzyme in tumour growth 53 . Although these mice have no overt phenotypes, ACSS2-deficient embryonic fibroblasts are defective in utilizing exogenous acetate for lipogenesis and histone acetylation. Moreover, in two models of hepatocellular carcinoma, ACSS2 knockout reduces tumour burden 53 . The development of selective ACSS2 inhibitors, coupled with the dispensability of ACSS2 for normal development, suggests that targeting acetate metabolism may have therapeutic potential in some forms of cancer 53 . Furthermore, cancer cells increase their dependence on acetate during conditions of hypoxia and nutrient stress, potentially adding to the therapeutic potential of ACSS2 inhibitors 54 . It remains to be seen whether the primary role of ACSS2-mediated production of acetylCoA from acetate is in energy metabolism, biosynthesis, acetylation of histones and other proteins, or a combination of these effects.
NADPH metabolism contributes to redox homeostasis
Beyond alternative carbon sources, there is growing interest in cofactor metabolism in cancer, particularly in the pathways that enable NADPH to participate in reductive biosynthesis and redox homeostasis. Aberrant oncogenic signalling and hypoxia induce ROS and increase the demand for robust systems to produce NADPH 55, 56 . Although moderate ROS levels amplify tumorigenic signals, high levels induce death 56 . Thus, understanding redox regulation may prove useful in developing new therapies.
AMPK balances catabolic and anabolic pathways to match metabolic supply and demand 57 . Loss of either AMPK or its activator LKB1 enhances glycolysis 58, 59 and induces oxidative stress following glucose deprivation 60 . By phosphorylating the acetyl-CoA carboxylases ACC1 and ACC2, AMPK responds to glucose deprivation by limiting flux through the NADPH-consuming pathway of de novo fatty acid synthesis and promoting fatty acid oxidation; together, these effects conserve NADPH and allow cells to resist oxidative stress in culture 60 . Importantly, silencing ACC1 or ACC2 also promotes tumour growth in vivo 60 . Thus, in addition to its well-known role in energy balance, AMPK helps maintain redox homeostasis during nutrient deprivation.
Glutamine also impacts NADPH metabolism and redox control through a variety of mechanisms 11 . An unusual glutamine-dependent pathway allows pancreatic ductal adenocarcinoma (PDAC) to maintain a reduced glutathione pool to combat oxidative stress 6 . In KRAS-mutated A model for metabolic heterogeneity in solid tumours. Within solid tumours, regional metabolic activities likely vary significantly according to influences of the microenvironment, particularly access to nutrients and oxygen. In the illustrated example, cells located close to vasculature use their favourable access to nutrients and oxygen to feed oncogene-stimulated anabolic pathways. However, gradients of nutrient availability demand that alternative pathways, including macromolecular degradation, are increasingly engaged at more remote sites to support cell viability. Oncogenes may also enhance the cell's ability to activate these pathways. OAA, oxaloacetate; α-KG, alphaketoglutarate; TCA, tricarboxylic acid; BCAA, branched-chain amino acid.
PDAC cells, glutamine-dependent carbon flux progresses through GOT1, a cytosolic aspartate aminotransferase that produces OAA. Cytosolic malate dehydrogenase and malic enzyme then produce malate and pyruvate, respectively, with the latter reaction also producing NADPH. Suppression of any of several enzymes in this pathway results in oxidation of the glutathione pool, enhanced ROS levels and reduced PDAC tumour growth 6 . One barrier to understanding redox control is the compartmentalization of distinct NADPH-producing pathways in the mitochondria or cytosol. Recent reports have sought to understand the importance of each pathway to overall NADPH metabolism. One study exploited the fact that a particular NADPH-utilizing reaction, synthesis of 2-hydroxyglutarate (2-HG) by oncogenic isoforms of IDH1 (cytosolic) or IDH2 (mitochondrial), is confined to a single compartment depending on which mutant is expressed 61 . Because 2-HG is scarce in most tissues, heterologous expression of mutant IDH1 or IDH2 coupled to metabolic labelling with Similar logic was applied to the compartmentalization of serinedependent one-carbon metabolism (Fig. 3) . This pathway also generates NADPH, as serine hydroxymethyltransferases SHMT1 (cytosol) and SHMT2 (mitochondrial) transfer a methyl group from serine to tetrahydrofolate (THF) in the one-carbon pool, producing glycine and 5,10-methylene THF (ref. 62) . The latter metabolite is oxidized to 5,10-methenyl-THF by the methylene THF dehydrogenases, MTHFD1 (cytosol) and MTHFD2/MTHFD2L (mitochondria) which generate NADPH 62 . Importantly, transfer of 2 H from serine to 2-HG occurs only in cells expressing mutant IDH2, suggesting that serine/glycinedependent NADPH production occurs primarily through a MTHFD2/ MTHFD2L-dependent pathway in the mitochondria 61 . A separate study also used a combination of tracers to demonstrate that serine/one-carbon metabolism is a major source of cellular NADPH 63 . Interestingly, SHMT2 expression is induced under hypoxia in a HIF1α-and Myc-dependent manner 64 . Silencing SHMT2 in Mycexpressing cells not only decreases the NADPH/NADP + and reduced/ oxidized glutathione ratios, but increases ROS and leads to hypoxiainduced cell death and tumour growth suppression. The fact that SHMT2 expression is elevated in several types of cancer and correlates with poor prognosis suggests that this enzyme may represent a therapeutic target 65 . Perhaps related to these findings, a number of studies have pinpointed consumption of either serine or glycine as factors related to cancer cell proliferation 66, 67 . Given the importance of de novo serine synthesis through the PHGDH pathway [68] [69] [70] , more studies are likely to follow up on the role of serine/glycine and NADPH metabolism in promoting tumour growth, and whether these pathways can be exploited therapeutically.
Efforts to understand cancer metabolism in intact biological systems With the increasing complexity of metabolism in cancer cell culture comes an increasing need to evaluate metabolism of intact tumours in situ. Within intact tumours, heterogeneous nutrient supply, oxygenation, and cell-cell interactions are all expected to have profound effects on metabolism. Metabolomic profiling is widely used to assess steady-state abundances of metabolites from many of the pathways described above, identifying differences between tumour tissue and normal tissue, or between individual tumours differing by driver mutation. As mass spectrometry systems and analytical software packages improve, it is becoming possible to assess increasingly large fractions of the metabolome. Metabolomics led to the discovery of massive elevations of 2-HG in tumours with mutated IDH1 or IDH2 71, 72 , and more recently the discovery of systematic alterations of glucose metabolism in renal cell carcinoma 73 . Discovery of large changes in metabolite pools can be translated into clinical approaches to monitor levels of that metabolite non-invasively, particularly by 1 H magnetic resonance spectroscopy (MRS). MRS detects metabolites at high-micromolar to millimolar concentrations and maps them to an anatomic location. MRS is commonly used to assess metabolite pools in brain tumours, and recent MRS protocols have emerged to monitor 2-HG levels in gliomas [74] [75] [76] [77] . It is also possible to obtain dynamic views of tumour metabolism. Positron emission tomography (PET) detects and localizes gamma rays emitted by radionuclides like 18 F and 11 C. Labelling nutrients of interest with these tracers enables their uptake and retention to be observed within tumours. The most widely used PET tracer is 18 FDG, a glucose analogue that is phosphorylated by hexokinase and trapped inside glycolytic tumours. 18 FDG-PET is an important clinical technique to assess the distribution of tumour tissue in patients with metastatic disease and to monitor the effects of therapy 78, 79 . New PET tracers that probe emerging aspects of cancer metabolism are being developed, and some are already used in clinical studies or practice. These tracers, which include 18 F-glutamine, 18 F-glutamate, and 11 C-acetate [80] [81] [82] [83] [84] [85] [86] , are designed to detect tumours in which 18 FDG uptake is non-diagnostic because the tumour displays relatively little glucose uptake or is in the vicinity of a glucose-avid organ like the brain.
Despite the utility of radioisotopes in imaging tumours, they provide little information about the metabolism of the labelled probe. For example, avid 18 FDG uptake does not imply that the tumour cannot take up other nutrients, nor does it make any predictions about allocation of glucose carbon into any particular downstream pathway. To assess intermediary metabolism in live tumours, a growing number of studies 52, [87] [88] [89] [90] [91] have used infusions of 13 C-labelled nutrients in tumour-bearing mice and humans to delineate bona fide tumour metabolism, as discussed above with respect to acetate 52 . The safety of 13 C, coupled with the wide array of labelled nutrients available from commercial sources, makes in vivo isotope labelling a flexible and informative approach to study tumour metabolism.
Several studies have administered 13 C-glucose to human subjects with solid tumours. A 2009 study provided a bolus of uniformly 13 C-labelled glucose (that is, glucose in which all 6 carbons are labelled as 13 C) to lung cancer patients several hours prior to resection of the tumour. Extraction of metabolites from tumour and lung, followed by assessment of 13 C enrichment in glucose-derived metabolites, demonstrated enhanced labelling in a number of intermediates from glycolysis and the TCA cycle 87 . A larger follow-up study using a similar approach to introduce 13 C-glucose provided additional qualitative evidence that glucose is used as an anaplerotic precursor to support a number of biosynthetic activities in lung tumours 91 . Pyruvate carboxylase, which enables carbon from glucose to supply an anaplerotic flux to the TCA cycle, is over-expressed in tumours relative to normal lung, consistent with a model in which glucose-dependent anaplerotic activity contributes to lung tumour growth in humans.
Other studies have used continuous infusions of 13 C-labelled substrates throughout the operative procedure rather than bolus injections in an attempt to increase 13 C enrichment in metabolite pools and to approach steady-state labelling in the tumour [88] [89] [90] . The latter consideration is important because establishing isotopic steady state may enable the application of quantitative models of metabolic flux. Infusions of 13 C-glucose in orthotopic mouse models of human glioblastoma revealed that these 18 FDG-avid tumours use both glycolysis and glucose oxidation in vivo 89, 90 . These tumours also use glucose as a carbon source to synthesize a large glutamine pool, use pyruvate carboxylase as a source of anaplerotic flux, and display only marginal catabolism of infused 13 C-glutamine 90 . Furthermore, primary cultures established from the tumours did not require glutamine to maintain viability, suggesting that glucose rather than glutamine is the key substrate to maintain TCA cycle function. This is quite different from the phenotypes observed in established glioma cell lines, most of which are highly dependent on glutamine to supply pools of TCA cycle intermediates and related molecules 15, 20, 21 . A similar 13 C-glucose infusion study was performed in human patients with glioblastoma or brain metastases. As in the orthotopic tumours, these human tumours oxidize glucose extensively in the TCA cycle and synthesize glutamine from glucose 88 . Strikingly, comparing acetyl-CoA enrichment to glucose enrichment indicates that the tumours oxidize other substrates in addition to glucose, and in fact that glucose may be only a minor source of acetyl-CoA in the TCA cycle. This finding is potentially important, because oxidative metabolism in the normal brain is dominated by glucose 92 , suggesting that targeting alternative oxidative pathways may cut off the fuel supply to the tumour but be tolerated by the rest of the brain.
Conclusions and current challenges
Cancer cell metabolism appears more pleiotropic the more it is studied. The ability to engage pathways supplied by alternative nutrients, particularly during deprivation of glucose, glutamine and oxygen, may be a key feature selected during transformation or tumorigenesis. The extent to which these alternative pathways represent true vulnerabilities remains to be determined. However, there would appear to be numerous opportunities to test the impact of targeting some of these pathways in human cancer. Clinical trials examining the efficacy of autophagy inhibitors are already underway [93] [94] [95] . Targeting folate and nucleotide metabolism with methotrexate, pemetrexed and other agents is already known to provide clinical benefits 96 , and new insights into the integration of onecarbon metabolism with redox homeostasis may generate additional opportunities, perhaps in combination with drugs which enhance oxidative stress 55, 97 . In vivo approaches to understand metabolism in intact tumours should shed light on the complexity of the metabolic pathways supporting tumour growth and provide insights into therapies which could be used to target these cancers.
A looming challenge in cancer metabolism is to begin to understand metabolic heterogeneity within intact tumours. It is already clear from mouse models that both the driver mutation and tissue of origin influence metabolism when the tumour is considered as a single compartment 98 . Much less is known about heterogeneity within individual tumours, where regional differences in nutrient availability, localized effects of stromal and inflammatory cells, and cell-autonomous effects regulated by clonal expansion of mutants may all alter metabolic preferences and flexibility. Given the large repertoire of pathways available to transformed cells, one can envision a scenario where different parts of the tumour rely on starkly different metabolic platforms for cell survival and growth (Fig. 4) . This picture is complicated further by metabolic effects within the microenvironment. For example, cancer cells secrete lactate, acidifying the microenvironment and triggering an inflammatory response resulting in the release of cytokines and other factors which promote tumour progression 99 . However, in some settings, lactate produced by stromal cells may provide a bioenergetic substrate for the cancer cells to support survival and growth 100, 101 . Thus, metabolite exchanges and other aspects of cell-cell communications likely add an important dimension of metabolic heterogeneity within solid tumours. It is clear already that genetic heterogeneity plays an important role in promoting metastasis and contributes to clinical resistance [102] [103] [104] . It may be possible to merge metabolomics and/or in vivo isotope infusions with histological and molecular studies to map out distinct metabolic domains and correlate them with particular combinations of mutations or effects of the microenvironment.
